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Abstract 
CIRA, the Italian Aerospace Research Centre, in the framework of the national space program, is carrying out 
two projects among the others: one is focused on a feasibility study of a future re-entry spacecraft concept with 
automatic re-entry and landing operational capabilities, code named USV-3; and the other is a technological project 
aimed at developing anisogrid lattice composite cold structures, code named ICCS. The project ICCS has the final 
objective of manufacturing an anisogrid composite fuselage demonstrator which is compatible with the external aero 
shape of the reentry vehicle USV-3. One of the technological aspects which has been taken into account in ICCS 
project has been the feasibility of joining the external C/SiC shingles with the internal anisogrid cold structure. 
The present paper illustrates the conceptual design of a typical junction between a windward shingle of the 
Thermal Protection System and the results of the first thermal and thermo-mechanical analyses. 
The choice of the most suitable means for joining such systems comes from a study on typical solutions found 
from literature on past projects. The initial solution has been modelled with finite elements and subjected to the 
reentry thermal loads in order to verify the compatibility of all materials with maximum allowed temperature. The 
design has been iterative until the requirement was satisfied. 
Finally a more detailed model has been built and analyzed both with respect to maximum heat flow during reentry 
and with respect to structural integrity by means of thermo-mechanical analyses, showing positive margins of safety 
at ultimate load. 
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1. Introduction 
Space programs always put engineers facing new challenges. One of these is the necessity to protect reentry space 
vehicles against excessive heating which occurs as soon as atmosphere is entered. The temperature reached by 
external structure of reentry vehicles is well above 2000°C, and traditional aeronautic materials are not able to 
sustain this very harsh environment, considering also that the reentry phase has typically long duration (of the order 
of 1000 seconds or above). For this reason proper thermal protection systems (TPS) have been developed since the 
first space missions such as US Apollo, whose TPS was an ablative heat shield. Later maneuverable and reusable 
vehicles were designed to travel to space, NASA Space Shuttle Orbiter is the first example. This vehicle pushed the 
technological development of new concepts and materials for the thermal protection system, which for the first time 
was reusable: reinforced Carbon-Carbon panels, High-Temperature Reusable Surface Insulation tiles, Low-
Temperature Reusable Surface Insulation tiles, Fibrous Refractory Composite Insulation tiles, Advanced Flexible 
Reusable Surface Insulation blankets and Felt Reusable Surface Insulation blankets. 
The way in which thermal protection is managed (passive, semi-passive or active) depends upon the vehicle, i.e. 
on the exposure time and the temperature [1]. For example low exposure time can be sustained both by ablators for 
high temperatures (e.g. Apollo and Mercury capsules) and by a heat sink approach for lower temperatures (such as 
that used by the sub-orbital vehicle X-15, which structure was made with Inconel). The Shuttle has a medium 
exposure time (1 hour) and temperatures above 1000°C: it relies mainly on insulation (passive) systems. Today the 
most challenging issues are represented by air-breathing vehicles, with high temperatures and high exposure time. 
For these vehicles the structures must be high load carrying (both mechanical and thermal) and very thin, for drag 
reduction purposes: in this case not only insulation, but active cooling and hot structures are the technological 
frontier. This leads to materials with high specific strength at high temperatures, which are still not ready, but some 
compromises between temperature and specific strength can be found by Ceramic Matrix Composites (CMC), which 
resist to very high temperature but are still weak from a strength point of view. This leads to the necessity to separate 
the thermal function from the mechanical function, giving rise to the “TPS CMC shingle” concept. Europe [2] has 
reached higher TRL in CMC TPS than US, where more studies were carried out on metallic TPS. The French Safran 
Herakles and the German MT Aerospace are the most important industrial actors in this field, with participation in 
numerous technological projects funded by ESA, such as Hermes Space Plane and the brand new ESA IXV 
(Intermediate eXperimental Vehicle). The main results have been achieved in the field of CMC materials for TPS. 
At the beginning of the new millennium MT Aerospace and NASA [3] have worked together on a technological 
project aimed at developing an advanced re-usable TPS made of CMC which has to be easy to assemble and 
disassemble from the outside for successful repair procedures in space. As a reference application, the corner 
element of a ceramic heat shield of a ballistic capsule (Apollo shaped) that re-entries from low earth orbit (LEO) has 
been considered. All the main aspects of design and manufacturing have been covered, from dimensioning, 
environment and loading, sealing, insulation and particularly the attachment of the element to the underlying cold 
structure. The design justification has been made by means of numerical analyses (thermal, mechanical and flow 
analysis) and ground test demonstrators have been successfully manufactured in C-SiC via Chemical Vapour 
Infiltration (CVI), showing the feasibility of the design. In the same period Safran Heracles, former Snecma 
Propulsion Solide, began anticipated development test studies on the rigid external TPS for a reusable launch 
vehicle. The project name was Generic Shingle, which main results are reported in [4] regarding mainly the 
prediction and preparation of modal characterization, dynamic, acoustic and thermal/thermo-mechanical tests. 
Further activities were also proposed, addressing the enhancement of seals, insulation, attachment stand-offs, and 
specific local C/SiC panel areas, as well as the analysis and test of venting and pressurization/depressurization 
aspects. All these studies have made the basis for the TPS of the new ESA re-entry vehicle: IXV [5], with Thales 
Alenia Space as prime contractor. Safran Herakles is the supplier of windward and nose TPS and MT aerospace of 
the body flap assembly. The successful first flight of IXV has been carried out in February 2015. 
CIRA, the Italian Aerospace Research Centre, in the framework of the national space program, is carrying out 
two projects among the others: one is focused on a feasibility study of a future re-entry spacecraft concept with 
automatic re-entry and landing operational capabilities, code named USV-3 [6, 7, 8]; and the other is a technological 
project aimed at developing anisogrid lattice composite cold structures, code named ICCS [9, 10]. The project ICCS 
has the final objective of manufacturing an anisogrid composite fuselage demonstrator, which is compatible with the 
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external aero shape of the reentry vehicle USV-3. One of the technological aspects which has been taken into 
account in ICCS project has been the feasibility of joining the external C/SiC shingles with the internal anisogrid 
cold structure. 
CIRA is in charge of the largest plasma facility in the world. The 70MW SCIROCCO Plasma Wind Tunnel is 
able to reproduce the heat flux and thermal load experienced during the atmospheric and planetary reentry, on model 
larger than 800mm. The facility, initially designed and realized for the ERMES project and operative since 2002, has 
been then used for a wide range of internal research programs and for external customers. The availability of such a 
facility, coupled with solid aero-thermodynamics analysis and simulation capabilities, permitted to build a wide 
knowledge and experience in the field of TPS. CIRA has studied a wide range of advanced materials for thermal 
protection and thermo structures, a wide range of complex structures and models that have often been the test bench 
for real flight experiences like in SHARK, EXPERT and SCRAMSPACE. The areas explored range from the Ultra 
High Temperature Ceramics to the Ceramic Matrix Composites, but also ablative materials, and more recently 
UHTC coatings on CMC and metal substrates [11-20].  
The present paper illustrates the very conceptual studies of a typical junction between a windward shingle of the 
Thermal Protection System and the anisogrid fuselage demonstrator, with a first design justification by means of 
numerical analyses (thermal and thermo-mechanical). This study is the first step to future developments to be 
exploited in USV3 PRIDE Project, which is gaining more and more attention from ESA, since it represents the next 
step with respect to IXV, due to its autonomous conventional landing capabilities. 
 
Nomenclature 
CFRP Carbon Fiber Reinforced Plastics 
CMC Ceramic Matrix Composite 
CVI  Chemical Vapour Infiltration 
DLL Design Limit Load 
DUL Design Ultimate Load 
FEA Finite Element Analysis 
FOSU Factor of Safety at Ultimate Load 
ICCS Innovative Composite Cold Structures 
IXV  Intermediate eXperimental Vehicle 
KLD  Local Design Factor 
KM Model Factor 
KP  Project Factor 
KQ Qualification Test Factor 
LEO Low Earth Orbit 
TAEM Terminal Area Energy Management 
TPS Thermal Protection System 
TRL Technology Readiness Level 
UHTC Ultra High Temperature Ceramics 
USV Unmanned Space Vehicle 
 
2. The vehicle, its thermal protection system and the anisogrid fuselage structure 
One of the aspects covered by the feasibility study of USV3 vehicle [6] has been the first sizing of the TPS along 
with the choice of the materials for the different zones of the vehicle surface, subjected to different levels of thermal 
heat fluxes and loads [11]. As regards the fuselage the highest temperatures are foreseen on the nose and the 
windward area whereas leeward and base experience less severe conditions.  
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Within ICCS project the preliminary design of the anisogrid composite fuselage demonstrator has been delivered, 
depicted in Fig. 1 where the main dimensions of the hexagonal cells are shown. The rib section of the fuselage 
measures 13x10 mm. 
 
 
Fig. 1. Anisogrid fuselage demonstrator. 
This paper focus the attention on a C/SiC shingle imagined to be located in the aft windward of the fuselage, 
whose dimensions are comparable with those considered in the works carried out by other researchers, [3] [4]. 
3. Main design requirements and margin policy 
A first set of requirements has been identified: 
x Main functional requirement: to allow the installation of the TPS on the cold structure  
x Strength at ultimate load conditions  
x Thermal protection of the cold structure, whose maximum allowed temperature is set to T=160°C  
x Adequate flexibility to allow for alleviation of thermal induced stresses  
x Easily mountable and dismountable for maintenance and repair 
x Adequate stiffness to avoid modification of the aerodynamic shape of the vehicle  
x Easy inspection and health monitoring  
The present study provides numerical justification of the first three requirements. The fourth and the fifth 
requirements have been taken into account when sketching the solution while the remaining will be covered by 
future studies. 
As regards the margin policy [8], ECSS requirements have been taken as a reference, [12], [13]. A further Local 
Design Factor KLD has been also considered since junctions are critical items. Table. 1 lists the Project Factors and 
the Safety Factors used for the structural verifications. 
     Table 1. Project Factors and Safety Factors. 
Phase Coeff. A = KM×KP×KQ FOSU KLD DUL = DLL x FOSU x KLD 
Ascent & In-Orbit 1.2 x 1.25 2 1.2 3.6 
TAEM 1.2 x 1.2 2 1.2 3.456 
Landing 1.25 2 1.2 3 
4. The design steps of the TPS junction 
The choice has been the shingle concept, which makes possible to separate the mechanical from the thermal 
function. A conceptual idea of how the shingle stand-offs can be coupled with anisogrid composite structure is 
depicted in Fig. 2, where composite inserts are foreseen at the crossing of the helical ribs. 
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Fig. 2. Conceptual idea of coupling between anisogrid and stand-off. 
The design of the shingle junction has followed an incremental approach: the first case which has been analyzed 
from a thermal point of view takes into account only three materials: the underlying composite structure, the Inconel 
stand-off and the C/SiC bracket (design #1 and #2). Since the thermal requirement is not satisfied, insulating 
washers (Zirconia between C/SiC and Inconel, Teflon between Inconel and CFRP) have been added (design #2a 
through #2c). A total of no. 5 solutions (Fig. 3) have been analysed by changing stand-off thickness and washer 
geometry, without satisfaction from thermal point of view. 
 
 
Fig. 3. First two steps of design 
A better thermal performance has been obtained by changing the stand-off shape, by migrating through a V-
shape (Fig. 4, left side) and adding holes on the stand-off oblique walls. Moreover a more realistic model as regards 
boundary conditions has been analysed (Fig. 4, right side). Finally a more detailed model has been analysed (Fig. 5), 
showing compliance with the thermal requirement. For this solution also a thermo-mechanical analysis has been 
carried out. All the simulations have been performed with ANSYS® Workbench platform. The list of materials with 




Fig. 4. Third step of design Fig. 5. Last step of design 
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  Table 2. List of materials. 
ITEM MATERIAL Tmax [°C] 
Shingle C-SiC Keraman® 1649 
Stand-off Inconel 718 649 
Insulating washers between CMC and Inconel Zirconia stabilized with Yttria Y2O3 1800 
Insulating washers between Inconel and CFRP DuPont® Teflon PTFE 260 
CFRP Hexply 8552 fibra IM7 160 
4.1. Loads 
Transient thermal analyses have been performed with the heat flux shown in Fig. 6. The model takes into 
account the effects of the wall temperature on the convective heat flux and it considers also the cooling phase, 
representative of the low subsonic part of flight, landing and time spent by the vehicle on the runway before internal 
structures venting. Surfaces not exposed to aerodynamic heating have been considered thermally insulated. 
Radiation towards the environment has been implemented with ANSYS® AUX12 Radiation Matrix Method [14].  
When the vehicle is low supersonic and subsonic (M<2, 4375.8 s<t<7000 s), the convective heating is negligible, 
and the atmosphere has a cooling effect on the hot surfaces of the vehicle. This reduces the thermal stress on the 
external surface but the heat accumulated by the insulating layers beneath the CMC shingles has the time to travel to 
the cold structure. This is the reason why the model implements the cooling phase too. The initial (t = 0) 
temperature of the vehicle has been assumed equal to 22°C. The temperature field coming from the transient 
analyses is the input for the thermo-mechanical analyses.  
Mechanical loads on the shingle are pressure and inertial loads. The pressure load has been evaluated equal to 7 
KPa, whereas the inertial load depends on the mission phase (launch, landing, re-entry). 
The mechanical loads have been conservatively assumed equal to the envelope of all the possible conditions. The 
mechanical DULs (pressure plus inertia) on each stand-off, are reported in Table. 3. 
 
 
Table 3. Design Ultimate Mechanical Loads. 
DESIGN ULTIMATE LOADS (Envelope) 
Fx (N) Fy (N) Fz (N) 
272 272 1691 
 
Fig. 6. Convection heat flux  
4.2. Transient thermal analyses and thermo-mechanical analyses 
As regards the first steps of design, both Inconel and CFRP maximum allowed temperature are overcome. 
C/SiC, Zirconia and Teflon threshold are not exceeded. Nevertheless CFRP maximum temperature requirement is 
almost satisfied as the design matures (design #2a through design #2c). 
The results at the third step of design show a better performance for the Inconel, but a worse behaviour for 
Teflon and CFRP. 
The last step of design, analyzed both with and without holes on the Inconel stand-off, shows good results with 
respect to maximum allowed temperature for the case with holes. The results are depicted in Fig. 7, for the Design 
#4 with holes (the dashed horizontal lines in the graph are the maximum allowed temperature of each material). 
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Fig. 7. Design #4 holes – temperature in the various materials with respect 
to threshold Fig. 8. Von Mises stress on the Inconel stand-off 
 
It is apparent from Fig. 7 that each component in its hottest point does not exceed the threshold. This model has 
also been analyzed form a thermo-mechanical point of view. The results shows no critical issues on the components, 
in particular on the Inconel stand-off: Fig. 8 shows the Von Mises stress which has resulted into positive margins of 
safety at Design Ultimate Load. 
4.3. Preliminary mass estimation 
A very preliminary mass estimation of the junction has been made bearing in mind that it results only from finite 
element weighting, thus it does not account for all the remaining parts deemed necessary for installation, such as 
small brackets and washers and so on. It is reported in Table 4 (refer to Fig. 5 for nomenclature). 
 
Table 4. Preliminary mass estimation. 
DESIGN # 4 hole - items Mass (g) 
Zirconia Washer #1 27.6 
Zirconia Washer #2 20.9 
Inconel bolt 17.2 
Inconel stand-off 24.1 
Teflon Washer #1 + Teflon Washer #2 14.3 
Teflon Washer #3 + Teflon Washer #4 14.3 
Titanium bolt #1 + Titanium bolt #2 26.0 
TOTAL 152 
5. Conclusions and perspectives 
The conceptual design of a junction between TPS and the anisogrid fuselage structure of a re-entry vehicle has 
been presented. The design satisfies some of the main requirements identified previously. The final solution is the 
result of some iteration aimed at satisfying the maximum allowed temperature and the maximum allowed stress. All 
the design steps have been analysed by means of thermal transient analyses. The final design has also been analysed 
from a structural point of view, at ultimate load. A very preliminary estimation of its mass has been provided too. 
The future phases of design foresee more detailed models, nonlinear, which can simulate the contact between the 
parts. 
This study is the first step to future developments to be exploited in USV3 PRIDE Project, which is gaining more 
and more attention from ESA, since it represents the next step with respect to IXV, due to its autonomous 
conventional landing capabilities. 
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